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We investigate process of entangled state of light generation while propagation along a one di-
mensional array of single-mode nonlinear waveguides. We consider a situation when entanglement
is formed due to spontaneous parametric down-conversion of the pump which is present only in a
signal waveguide. In the considered process the generated state of light is multi-mode squeezed.
We demonstrate that starting from certain distance of light propagation only pairs of waveguides,
located symmetrically with respect to the pumped one, occur to be entangled. Also there is an
optimal pump amplitude for which the formed quantum correlations are most pronounced. Entan-
glement for multi-mode squeezed states may be very sensitive for phase fluctuations in the pump.
We investigate the influence of such noise on the discussed process. We demonstrate that for situ-
ation of generation of few photon entangled states the influence of phase fluctuations is negligible.
But it dramatically increase with the growth of average photon numbers in the formed quantum
states.
PACS numbers: 42.65.Lm , 42.65.W, 42.82.-m, 03.67.Bg
I. INTRODUCTION
The use of optical waveguides is currently being actively studied in context of various problems of quantum optics.
From applications point of view, of course, the most interesting possibility is the use of such systems for implementing
various quantum informatics algorithms [1, 2]. For certain problems, these algorithms allow to get a performance
gain compared to classical computing systems. Despite more than thirty years of research in this area, the question
of creating an effective physical base for implementing these algorithms is still open. In this context, advances of the
recent years in the development of photonic integrated circuits technology for controlling quantum states of light [3–6]
and their tomography [7] look promising. One of the most important resources for quantum information processes
is the entangled states of quantum systems. Thus, the generation of entangled states of light is one of the key
problems. This problem has been successfully solved for many years using crystals with quadratic nonlinearity [8–
10]. In spite of this, from a technological point of view, it is important to develop sources of entangled states of
light integrated into waveguide circuits. This problem has been discussed in a number of recent papers [11–14]. For
example, in [7, 15–17], the possibility of entangled states generation as a result of spontaneous parametric down-
conversion in a one-dimensional array of coupled waveguides with quadratic nonlinearity is studied theoretically and
experimentally. In particular, the situation when the optical field on pump frequency present only in one wavequide
is considered there. As a result of the pump down conversion, photon pairs on the near half pump frequency appear
in the array. Quantum walks in the transverse direction of these photon pairs form entanglement between individual
waveguides. A feature of the previously mentioned papers is that the process of generation of only two-photon states
is considered there. From the point of view of quantum informatics, the advantage of such states is that for them it
is possible to perform high fidelity quantum operations required for different algorithms. However, to generate such
states in the process of spontaneous parametric down-conversion, it is necessary to work in low pump power regime
to reduce the probability of states with a larger number of photons. This fact strongly limits the operation frequency
of quantum devices based on such states.
An alternative way to the use of light in the quantum informatics is based on Gaussian states (for example, coherent
or squeezed), in which information is encoded in quadratures of electromagnetic fields [2, 18, 19]. In general case in
spontaneous parametric down conversion process the quantum state of generated light is squeezed. This mean that
it is possible to construct deterministic source of entangled states in this, so called continuous variables, approach.
But still, it should be mentioned that there are questions to possible efficiency of quantum algorithms based on
such states [20, 21]. In this paper, we will discuss the process of the formation of multimode squeezed states in a
one-dimensional array of coupled waveguides with quadratic nonlinearity. Mainly, we will discuss the entanglement
formed between different optical modes. It should be noted here that, as shown in [22], even small phase fluctuations
in the pump can significantly limit the formation of Gaussian entangled states in parametric systems. Thus, in our
work we also consider the influence of such fluctuations on the entanglement evolution in the system. In Section 2, we
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FIG. 1. Principal schema of the discussed array of nonlinear waveguides.
describe the theoretical model, we give the equations describing the evolution of the state of light during propagation
along the waveguides array, and describe the method of quantifying of entanglement we use and give all the necessary
formulas. In Section 3 we discuss the obtained results. And finally, in section 4 we summarize.
II. THEORETICAL MODEL
A. Base equations
Let’s consider a one dimensional array of single-mode optical waveguides with quadratic nonlinearity (see Fig.1).
Phase matching for the process of spontaneous parametric down conversion of a photon with a frequency ωp into
two photons with a frequencies ωs = ωp/2 is performed in each fiber. We assume that the spectrum of the field in
each waveguide contains only components with frequencies close to ωp and ωs. Thus, each of these frequencies can
be described by a slowly varying operator: aˆpn (t, z) - for frequency ωp, aˆ
s
n (t, z) - for frequency ωs. Index n defines
optical waveguide in the array. The array arranged in such a way that modes of neighboring waveguides interacts. In
the weak coupling approximation, the equations on slowly varying operators have the following form:(
∂
∂z
+
1
vp
∂
∂t
)
aˆpn (t, z) = iCp
(
aˆpn−1 (t, z) + aˆ
p
n+1 (t, z)
)
+ 2iχaˆs2n , (1)(
∂
∂z
+
1
vs
∂
∂t
)
aˆsn (t, z) = iCs
(
aˆsn−1 (t, z) + aˆ
s
n+1 (t, z)
)
+ iχaˆpnaˆ
s†
n . (2)
Here vp and vs - group velocity for corresponding frequency; Cp, Cs - interaction coefficients of neighbouring waveg-
uides modes, χ - coefficient of quadratic nonlinearity. For higher frequency the overlap integral of modes decrease
exponentially. Therefore, inequality Cp  Cs is valid, and we can assume Cp = 0. In this paper, we consider the
situation, when light at the pump frequency ωp has large intensity on the input of the array. Moreover, we assume
that the length of the array is small enough, so that we can neglect the exhaustion of the pump. Thereby, operators
aˆpn(t, z) may be replaced by c-numbers, and for the pump field we get the equation:(
∂
∂z
+
1
vp
∂
∂t
)
apn (t, z) = 0. (3)
We assume that continuous laser radiation is used as pumping, and it is applied only to one waveguide, which we will
refer as central, i. e apn (t, z) = 0 if n 6= 0. Any source of such radiation has a finite spectral width. To describe such
a spectrum, one can use the phase diffusion model [23]. According to this model, the field at the input of the array
has the next form:
ap0 (t, 0) = A · eiϕ(t), (4)
where A - pump amplitude, and ϕ (t) - random Wiener process with zero mean value and the following correlation
relations:
〈ϕ˙ (t) ϕ˙ (t′)〉ϕ = 2 ·∆ω · δ (t− t′) , (5)
3where a dot over a function means the time derivative; averaging is performed over an ensemble of realizations of ϕ;
∆ω - spectral width of the pump. Solution of equation (3) for central waveguide has the next form:
ap0 (t, z) = A · eiϕ(t−z/vp). (6)
Substitute this solution into equation (2) and this lead to:(
∂
∂z
+
1
vs
∂
∂t
)
aˆsn (t, z) = iCs
(
aˆsn−1 (t, z) + aˆ
s
n+1 (t, z)
)
+ igδ0ne
iϕ(t−z/vp)aˆs†n , (7)
where g = A · χ, δ - Kronecker delta. Next, we perform Fourier transform of equation (7):
∂
∂z
aˆsn (ω, z) +
iω
vs
aˆsn (ω, z) = iCs
(
aˆsn−1 (ω, z) + aˆ
s
n+1 (ω, z)
)
+
igδ0n
2pi
∫
aˆs†n (ω
′, z)U (ω′ + ω, z) dω′, (8)
where
aˆsn (ω, z) =
∫
aˆsn (t, z) e
−iωtdt, (9)
U (ω, z) =
∫
eiϕ(t−z/vp)−iωtdt. (10)
To simplify expression (8) we should note that frequency scale of operators aˆsn(ω, z) is determined by parametric
resonance width, and frequency scale of function U(ω, z) is determined by spectral width of the pump. We suppose
that the spectral width of the pump is much smaller than the width of parametric resonance. In this case integral in
(8) equal to:
1
2pi
∫
aˆs†n (ω
′, z)U (ω′ + ω, z) dω′ ≈ aˆ
s†
n (−ω, z)
2pi
∫
U (ω′, z) dω′, (11)
thus we get the following equation:
∂
∂z
aˆsn (ω, z) +
iω
vs
aˆsn (ω, z) = iCs
(
aˆsn−1 (ω, z) + aˆ
s
n+1 (ω, z)
)
+ igδ0ne
iϕ(−z/vp)aˆs†n (−ω, z) . (12)
For a full description of the evolution of light, equations (12) should be supplemented by quantum state of light on
the input of the array. Throughout this paper we assume that for frequencies, close to ωs, quantum state is vacuum
Thus, we have described a formalism that allows us to fully determine the state of light in an arbitrary place of the
array. In particular, we can calculate the averages of any combinations of creation and annihilation operators, as well
as determine the amount of entanglement in the waveguide system. This will be discussed in the next section.
B. Calculation of entanglement evolution
The discussed system consists of a large number of quantum optical modes. For such a system, the complete
determination of all present quantum correlations is quite a challenge. In our work, we use a simple method, which
consists in calculating the amount of entanglement only for a pair of modes, while quantum mechanical averaging over
the rest of the system is performed. Going through all possible pairs, we get a distribution, which we will analyze.
This method is often used to study complex quantum systems consisting of a large number of particles [15, 24–26].
However, it is possible to miss a certain kind of quantum correlation while using such method. For example if the
quantum state of the system is a GHZ-like
To determine entanglement between two optical modes, any two-particle criterion can be used. Since all of them are
equivalent, the results qualitatively will be the same. Hereinafter, we will use a quantity called logarithmic negativity
EN [27]. On the input of the array we use vacuum quantum state for modes having frequency near ωs. In addition,
due to linearity of equations (12) quantum state of light will be Gaussian in any place of the array. For this case,
there is a simplified algorithm for calculating logarithmic negativity. Let’s consider a system consisting of two optical
modes. The first mode is described by the creation (annihilation) operators aˆ† (aˆ), and the second one by bˆ† (bˆ).
Build a matrix:
σm,n = 〈ξˆmξˆn + ξˆmξˆn〉
/
2− 〈ξˆm〉〈ξˆn〉, (13)
4where indexes m and n take value from 1 to 4, and ξˆm and ξˆn are the corresponding components of a four-dimensional
vector ξˆ =
(
qˆa, pˆa, qˆb, pˆb
)T
. Components of the mentioned vector are determined by the dimensionless operators of
canonical coordinates qˆa, qˆb and pˆa, pˆb of two optical modes. These quantities are related with the annihilation and
creations operators as follows:
qˆa =
1√
2
(
aˆ+ aˆ†
)
, pˆa =
i√
2
(
aˆ† − aˆ) , (14)
and similarly for the second mode. From the expression (13) follows directly that σ can be presented in block
representation:
σ =
(
α γ
γT β
)
, (15)
in which each block α, β, γ and γT has size 2× 2. The next step is to calculate the values:
A = detα, B = detβ, C = detγ, Σ = detσ, (16)
through which one can express the desired logarithmic negativity:
EN = max
(
0,− log2
[
2ν˜−
])
, (17)
where
ν˜− =
√
1
2
(
(A+B − 2C)−
√
(A+B − 2C)2 − 4Σ
)
. (18)
Thus, for any pair of optical waveguides it is necessary to calculate all elements of the matrix σ for given distance
from the input of the array. After that, using expressions (17) and (18), one can calculate logarithmic negativity
EN . After that it is possible to build the distribution we have described in the beginning of the current subsection
and investigate evolution of entanglement in the system. According to (13) and (14), in general case, σ, corre-
sponding to different pairs, contains different combinations of averaged quadratic combination 〈aˆm (ω, z) aˆn (ω, z)〉,
〈aˆ†m (ω, z) aˆn (ω, z)〉, 〈aˆm (ω, z) aˆn (−ω, z)〉 and 〈aˆ†m (ω, z) aˆn (−ω, z)〉 consisting of annihilation aˆn (ω, z) and creation
aˆ†n (ω, z) operators. Here, as before, indexes m and n point to certain waveguide. It is also worth noting that the
matrices under consideration also include the averages of the creation (annihilation) operators themselves. But after
averaging (12), the result equations will be a set of homogeneous ordinary differential equations. The initial conditions
for the given equations are zeros, because we use vacuum quantum state as initial. Thus, the average values of the
creation (annihilation) operators are zero for the entire length of the optical waveguides array.
To calculate the averages mentioned above, taking into account the presence of phase noise, we use the approach
described in [22]. First of all we should note that in equations (12) ω is a parameter which doesn’t influence evolution
of quantum correlations. This is because any dependency on this parameter can be removed by simple substitution
aˆsn → aˆsne−iω/vs . But still there is a special case ω = 0. For this degenerate case only single frequency mode participate
in the parametric process. While in general case there is interaction between two modes in each waveguide which may
be referred as signal and idler. This circumstance leads to the fact that these two cases are described by different sets
of equations for averaged values. Here we will give equations for both cases. For the general case, from (12) one can
obtain the complete system of equations for the following sets of values:
uˆ
(1)
m,n =
(
bˆ†mbˆn, cˆ
†
mcˆn, bˆmcˆne
−iϕ
)
,
uˆ
(2)
m,n =
(
bˆmcˆn, bˆ
†
mbˆne
iϕ, cˆ†mcˆne
iϕ, bˆ†mcˆ
†
ne
2iϕ
)
,
uˆ
(3)
m,n =
(
bˆ†mcˆn, cˆmcˆne
−iϕ, bˆ†mbˆ
†
ne
iϕ
)
,
uˆ
(4)
m,n =
(
bˆmbˆn, cˆ
†
mbˆne
iϕ, bˆ†mbˆ
†
ne
2iϕ
)
,
(19)
where for brevity we have denoted bˆn = aˆn (ω, z) e
−iω/vs and cˆn = aˆn (−ω, z) eiω/vs . After performing an averaging
5procedure similar to [22], as a result, for uˆ
(1)
m,n and uˆ
(2)
m,n we will obtain:
(
u
(1)
1,m,n
)′
z
= iCs
(
u
(1)
1,m,n−1+u
(1)
1,m,n+1−u(1)1,m−1,n−u(1)1,m+1,n
)
+
+igδ0nu
(1)∗
3,m,n−igδ0mu(1)3,n,m ,(
u
(1)
2,m,n
)′
z
= iCs
(
u
(1)
2,m,n−1+u
(1)
2,m,n+1−u(1)2,m−1,n−u(1)2,m+1,n
)
+
+igδ0nu
(1)∗
3,n,m−igδ0mu(1)3,m,n ,(
u
(1)
3,m,n
)′
z
=−∆ω
vp
u
(1)
3,m,n+iCs
(
u
(1)
3,m,n−1+u
(1)
3,m,n+1+u
(1)
3,m−1,n+u
(1)
3,m+1,n
)
+
+igδ0nu
(1)
1,n,m+igδ0mu
(1)
2,m,n+igδ0mδ0n ,
(20)
(
u
(2)
1,m,n
)′
z
= iCs
(
u
(2)
1,m,n−1+u
(2)
1,m,n+1+u
(2)
1,m−1,n+u
(2)
1,m+1,n
)
+
+igδ0nu
(2)
2,n,m+igδ0mu
(2)
3,m,n+igδ0mδ0ne
−
∆ω
vp
z
,(
u
(2)
2,m,n
)′
z
=−∆ω
vp
u
(2)
2,m,n+iCs
(
u
(2)
2,m,n−1+u
(2)
2,m,n+1−u(2)2,m−1,n−u(2)2,m+1,n
)
+
+igδ0nu
(2)
4,m,n−igδ0mu(2)1,n,m ,(
u
(2)
3,m,n
)′
z
=−∆ω
vp
u
(2)
3,m,n+iCs
(
u
(2)
3,m,n−1+u
(2)
3,m,n+1−u(2)3,m−1,n−u(2)3,m+1,n
)
+
+igδ0nu
(2)
4,n,m−igδ0mu(2)1,m,n ,(
u
(2)
4,m,n
)′
z
=−4∆ω
vp
u
(2)
4,m,n−iCs
(
u
(2)
4,m,n−1+u
(2)
4,m,n+1+u
(2)
4,m−1,n+u
(2)
4,m+1,n
)
−
−igδ0nu(2)2,m,n−igδ0mu(2)3,n,m−igδ0mδ0ne
−
∆ω
vp
z
,
(21)
here u
(k)
j,m,n = 〈uˆ(k)j,m,n〉, and 〈uˆ(k)j,m,n〉 - jth element of the set uˆ(k)m,n; ∗ - mean complex conjugate. For quantities uˆ(3)m,n
and uˆ
(4)
m,n result of averaging procedure occur to be homogeneous equations. Taking into account selected initial
conditions, these equations has zero solution. That’s why we don’t give them here.
In degenerate case ω = 0 to calculate all required elements for matrix (13) it is enough to derive equations for the
next sets of quantities:
qˆ
(1)
m,n =
(
bˆ†mbˆn, bˆmbˆne
−iϕ
)
,
qˆ
(2)
m,n =
(
bˆmbˆn, bˆ
†
mbˆne
iϕ, bˆ†mbˆ
†
ne
2iϕ
)
,
(22)
where we have denoted bˆn = aˆn (0, z). After averaging procedure we will acquire:
(
q
(1)
1,m,n
)′
z
= iCs
(
q
(1)
1,m,n−1+q
(1)
1,m,n+1−q(1)1,m−1,n−q(1)1,m+1,n
)
+
+igδ0nq
(1)∗
2,m,n−igδ0mq(1)2,n,m ,(
q
(1)
2,m,n
)′
z
=−∆ω
vp
q
(1)
2,m,n−iCs
(
q
(1)
2,m,n−1+q
(1)
2,m,n+1+q
(1)
2,m−1,n+q
(1)
2,m+1,n
)
+
+igδ0nq
(1)
1,n,m+igδ0mq
(1)
2,m,n+igδ0mδ0n ,
(23)
6(
q
(2)
1,m,n
)′
z
= iCs
(
q
(2)
1,m,n−1+q
(2)
1,m,n+1+q
(2)
1,m−1,n+q
(2)
1,m+1,n
)
+
+igδ0nq
(2)
2,n,m+igδ0mq
(2)
2,m,n+igδ0mδ0ne
−
∆ω
vp
z
,(
q
(2)
2,m,n
)′
z
=−∆ω
vp
q
(2)
2,m,n+iCs
(
q
(2)
2,m,n−1+q
(2)
2,m,n+1−q(2)2,m−1,n−q(2)2,m+1,n
)
+
+igδ0nq
(2)
3,m,n−igδ0mq(2)1,n,m ,(
q
(2)
3,m,n
)′
z
=−4∆ω
vp
q
(2)
3,m,n−iCs
(
q
(2)
3,m,n−1+q
(2)
3,m,n+1+q
(2)
3,m−1,n+q
(2)
3,m+1,n
)
−
−igδ0nq(2)2,m,n−igδ0mq(2)2,n,m−igδ0mδ0ne
−
∆ω
vp
z
,
(24)
The solution of the systems of ordinary differential equations obtained in this section was performed by the 4th order
Runge-Kutta method [28]. For calculations an array consisting of 512 waveguies was chosen. Such choice of the
number was done to neglect the influence of boundaries in transverse direction.
III. RESULTS
A. Intensity evolution
This section presents the results of the study. Before we analyze entanglement in the discussed system, we will
demonstrate in this subsection some features of light field evolution along the array. For this we consider change in
the average number of photons I (n, z) = 〈aˆ†n (z) aˆn (z)〉 when light propagates along an array of waveguides. On Fig.
2(a) and 2(b) distributions calculated based on equations (23) are presented. Calculations are done for the given
distance from array input but different pump amplitude values: g = 1.5 ·Cs for (a) and g = 2.2 ·Cs. Also it should be
noted that qualitative results we are talking about in this subsection does not depend on either we consider general
case or degenerate one. So for clarity we have performed calculations for degenerate case. One may notice that the
presented distributions are qualitatively different from each other. On 2(b) the average number of photons is much
more localized in the vicinity of the central waveguide (the one which is pumped) as compared to 2(a). And this
difference becomes more pronounced as the interaction length increases. This fact indicates a qualitatively different
light evolution in the discussed system for the selected two values of the pump amplitude. This difference is better
illustrated in Fig. 2(c). On this figure the dependency of the average number of photons in central waveguide on the
propagation distance is presented. After a more detailed study, it turns out that a qualitative change in light evolution
occurs when the pump amplitude exceeds the value g = 2 ·C. When this occurs, the linear in average increase in the
photons number is changed by a rapid exponential growth. This situation is similar to what is happening in usual
quantum damped parametric oscillator. It occurs that the system of interacting waveguides we are discussing can be
reduced to a parametric oscillator interacting with non-Markovian reservoir (see Appendix for details). Unfortunately,
the kernel function of result relaxation operator contains Bessel functions. So we were not able to find any reasonable
assumptions to calculate the threshold analytically.
B. Entanglement evolution: coherent pump
This subsection is devoted to evolution of entanglement in the array of waveguides for the case of coherent pump,
i. e ∆ω = 0. Here we use the result of numeric solution of equations (20), (21), (23), (24) to calculate logarithmic
negativity based on (17), (18) for different pairs of waveguides. As a result we obtain distributions, the examples of
which are presented on Fig.(a,b,d,e). The presented distributions are calculated for the same pump amplitude, but for
different distances from the input of the array. Fig. 3(a,b) correspond to degenerate case (ω = 0), 3(d,e) correspond
to general. As can be seen from the figures, at the initial stage of entanglement formation quantum correlations exist
between a large number of light guide (Fig. 3(a,d)). But as distance increases, the logarithmic negativity becomes
zero for all pairs except those located symmetrically relative to the central waveguide (Fig. 3(b,e)). However, in this
case, for pairs more distant from the central waveguide, quantum correlations become less pronounced (the value of
logarithmic negativity decreases). This fact is a manifestation of the symmetry of the discussed problem. A similar
phenomenon occurs during the entangled states formation in optical frequency combs [29–31]. In such process also
entanglement occur to form between the frequency components that are located symmetrically with respect to the
pump frequency. But the difference with our work is that in the system we are investigating entanglement occur to
7FIG. 2. On (a) and (b) distribution of average photon number in waveguide array I is presented for degenerate case when
ω = 0 in equations (12), n - waveguide index. For both figures distribution is calculated for distance z = 3.75/Cs from the
input of the array and pump amplitude corresponds to g = 1.5 · Cs for (a) and g = 2.2 · Cs for (b). On (c) dependency of
average photon number in central waveguide on the distance from the input is presented. For green solid line g = 1.5 ·Cs, and
for blue dashed g = 2.2 · Cs.
be between spatially separated light modes, and not frequency ones Also it should be remarked that distribution in
Fig. 3(d) is similar to the one presented in paper [15], where the similar system was discussed but in assumption of
fixed total number of photons present in the array. Two, to be exact. This approximation is valid only for arrays
with small length, and for a small pump amplitude.
Distributions presented on Fig. 3(b,e) are stationary. This mean they do not change while further propagation of
light along the array and that they demonstrate the maximum amount of entanglement which can be achieved in the
system. To demonstrate the influence of pump amplitude on formed quantum correlations, dependencies of stationary
value of logarithmic negativity calculated for waveguides with indexes 1 and −1 on g are presented on Fig. 3(c,f).
It can be seen from the mentioned figures that there is an optimal relationship between pump amplitude and the
interaction coefficient of the waveguides g = 1.1 ·Cs. When this relationship is fulfilled, quantum correlations become
most pronounced. It should be noted that the dependencies are presented only for the values of the pump amplitude
not exceeding the threshold g = 2 · Cs. Our calculations showed that stationary value of logarithmic negativity
continue decreasing even for pump amplitude above threshold. That’s why we limited our consideration by pump
amplitude below g = 2 · Cs, since with a further increase in the amplitude, there is a rapid increase in the average
photon number, but quantum correlations are becoming less and less pronounced.
Finally we would like to point out the differences between degenerate (ω = 0) and general cases. On Fig. 3 different
columns correspond to these different cases. The first thing that catches your eye when analyzing the presented
distributions is that in general case there is a pronounced entanglement between the signal and idle modes in the
central waveguide. The value of logarithmic negativity for these modes is several times higher than the value for the
nearest optical fibers with indexes 1 and -1. Moreover, the stationary value of logarithmic negativity monotonically
increases with the increase of pump amplitude (Fig. 3(f) green dashed line). If we compare the distributions for the
general and degenerate cases excluding the diagonal elements from consideration, we will see a qualitative similarity.
All scales, as well as the type of dependencies on the parameters of the problem are the same. However, there are
quantitative differences. Again, we emphasize that these differences are connected not with detuning from exact
synchronism, but with differences in the modes structure for the degenerate and general cases.
C. Entanglement evolution: phase noise influence
In this subsection, we consider the influence of phase noise in the pump on the entangled states formation in the
array of optical waveguides. First of all, we note that we will consider extremely narrow-band noise. The spectral
width of the pump is several orders of magnitude smaller than the parametric resonance width. This noise has no
significant effect on the evolution of the average photon number. Therefore, all the results from the first subsection
remain valid in the discussed case of partially coherent pump. In this case, as well as in paper [22], entanglement
8FIG. 3. On (a), (b), (d), (e) distributions of logarithmic negativity EN , calculated for waveguide pairs with indexes n and
m, are presented. (a) and (b) correspond to degenerate case for which ω = 0 in (12); (d) and (e) correspond to general case,
but for ω much smaller than parametric resonance width. Distributions (d) and (e) are the result of logarithmic negativity
calculation for mode pairs with different frequency ( ω and −ω). Each row correspond to a certain distance from the array
input: z = 2.25/Cs for (a) and (d), z = 7.5/Cs for (b) and (e). For all distributions g = Cs. Stationary value of logarithmic
negativity dependencies on pump amplitude g are presented on (c) and (f). Figure (c) correspond to degenerate case, and (f)
to general. In both figures, the solid blue curve corresponds to logarithmic negativity calculated for waveguides with indexes 1
and −1. The green dashed line on (f) corresponds to entanglement in the central waveguide between different parametrically
coupled spectral components.
turns out to be very sensitive to phase fluctuations. Also, as was shown above, the differences between the degenerate
and general cases are small, so in this section we will discuss results only for the degenerate case.
As it was shown in the previous section, in the discussed system, quantum correlations (entanglement) are most
pronounced for optical waveguides located symmetrically with respect to the central one. On Fig. 4(a) logarithmic
negativity evolution for waveguides with indexes n and −n is shown. One may notice that for small distances phase
fluctuations do not have a noticeable effect. Distribution on Fig. 4(b) fully corresponds to the distribution in Fig. 3(b).
At greater distances, the value of logarithmic negativity start to decrease (Fig. 4(c)). On certain length it turns to
zero, and it means that entanglement in the system disappear. Thus we can determine distance z˜, for which EN
differs from zero. An interesting fact is that this quantity z˜ has the minimum value for pairs of waveguides with
indexes 3..5 (indexes slightly differs for different parameters of the system).
Dependency of entanglement existence distance on pump amplitude is shown on Fig. 5. One can notice that
z˜ decrease rapidly with pump amplitude increase. When the threshold value is crossed, the distance practically
vanishes. After crossing threshold value g = 2 · Cs, the distance practically vanishes. We believe that this is due
to a sharp increase in the growth rate of the average number of photons. The more photons are in fibers, the
more destructive impact phase fluctuations have on the entanglement in the array. If, for example, we consider the
experiment described in paper [15], for parameters of their setup Cs ≈ 1cm−1, g ∼ 10−3 · Cs. For this parameters if
we assume the pump to have 1MHz spectral width, then z˜ will be approximately equal to several meters. This value
is many times greater than the length of the used lattice in the mentioned experiment. At the same time, if we decide
to obtain multiphoton entangled states and increase the pump amplitude to correspond to g ≈ 2 · Cs, the length of
the entanglement existence will decrease to an order of few centimeters. This length corresponds to the length of the
arrays of nonlinear waveguides currently used .
9FIG. 4. (a) Evolution of logarithmic negativity EN , calculated for optical modes of waveguides with indexes n and −n in case
when phase noise is present in the pump. On (b) and (c) distributions of logarithmic negativity, formed at the distance (b)
z · Cs = 20 and (c) z · Cs = 60 from the input of an array, are presented. Calculations are performed for parameters g = Cs,
∆ω = 10−4 · Cs · vp.
FIG. 5. Dependency on the pump amplitude g of the distance z˜, for which weveguides with indexes 1 and −1 are entangled.
Results are presented for three values of pump spectral width: ∆ω = 10−4 ·Cs · vp - blue solid line, ∆ω = 10−3 ·Cs · vp - green
dashed, ∆ω = 10−2 · Cs · vp - red dash-dotted.
IV. CONCLUSION
In this paper we have studied the process of entangled states formation as a result of spontaneous parametric
down-conversion of light during propagation along a one-dimensional array of coupled nonlinear optical waveguides.
Such systems are currently being actively studied in the context of designing integrated optical circuits for quantum
information processing based on quantum states of light. The obtained results are important for the development of
systems based on multimode squeezed states for quantum information processing. In conclusion, we present the key
results.
First, the evolution of the quantum state of light in an array is qualitatively different for different values of the
parametric pump amplitude. When a certain threshold defined by the geometry of the considered system is exceeded,
the growth of the average number of photons changes from linear to exponential. This above threshold generation
regime is also characterized by less pronounced quantum correlations and is more susceptible to the influence of phase
fluctuations present in parametric pump. Thus, we focused on the parameter region corresponding to the pump
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amplitude below the threshold.
To study the evolution of entanglement present in the system, the distributions of the logarithmic negativity
calculated for different pairs of optical waveguides were investigated. At small propagation distances, the results
obtained coincide with those given in [15]. In this paper generation of entangled biphoton states of light in a similar
system was studied, and for each waveguide it was shown the presence of entanglement with a large number of
other waveguides. However, at large distances, when the states become substantially multi-photon, our calculations
show that the entanglement remains only between pairs that are located symmetrically with respect to the pumped
waveguide. Moreover, the amount of entanglement gradually reaches a stationary value, although the average number
of photons continues to grow. Also there is an optimal ratio between the interaction coefficient and the pump
amplitude, for which the stationary value of logarithmic negativity takes the maximum value.
Presence of phase noise in the pump qualitatively change the evolution of entanglement in the system. At the
beginning, as in the coherent case, the value of the logarithmic negativity grows and goes to the stationary value. After
that the value begins to decrease until it becomes zero, which indicates the complete disappearance of entanglement
in the system. Even the slightest phase noise leads to a finite distance at which quantum correlations are present in
the system. The specified distance essentially depends on the pump amplitude. In the case of weak pumping, the
distance of the existence of entanglement becomes large, in the limit infinite. At the same time, as the amplitude
approaches the threshold value, this distance becomes comparable to the characteristic interaction distance between
the waveguides. This circumstance indicates that the discussed effect does not influence significantly the generation of
low-photon entangled states as in [15–17]. But it may be the decisive limiting factor for generating entangled states,
which are multimode squeezed.
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V. APPENDIX. REDUCTION TO OSCILLATOR INTERACTING WITH NON-MARKOVIAN
RESERVOIR.
In this appendix we will reduce the equations (12) to a single one describing parametric oscillator interacting with
non-Markovian reservoir. First of all after substitution aˆsn → aˆsne−iω/vs :
∂
∂z
aˆsn (ω) = iCs
(
aˆsn−1 (ω) + aˆ
s
n+1 (ω)
)
+ igδ0ne
iϕ(−z/vp)aˆs†n (−ω) . (25)
Now we will introduce new operators:
dˆn = aˆ
s
n (ω) + aˆ
s
−n (ω) , n > 0,
dˆn = 0 , n = 0,
dˆn = −dˆ−n , n < 0.
(26)
Evolution of this new operators is described by equations:
dˆn
′
z = iCs
(
dˆn+1 + dˆn−1
)
+ fˆn(z) , n ∈ Z, (27)
where
fˆn(z) =
 2iCsaˆ
s
0 (ω) , n = 1,
−2iCsaˆs0 (ω) , n = −1,
0 , n 6= 1,−1.
(28)
To solve equations (27) we will build generating function Fˆ =
∑
dˆnq
n. This function satisfies the equation:
∂Fˆ
∂z
= iCsq
′Fˆ + 2iCsaˆs0
(
q − 1
q
)
, (29)
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where q′ = q +
1
q
. Solution of (29) has the next form:
Fˆ = Fˆ (0) eiCsq
′z + 2iCs
∫ z
0
aˆs0 (z
′)
(
q − 1
q
)
eiCsq
′(z−z′)dz′, (30)
Now we will use the generating function for Bessel functions:
e
iCs
(
q+
1
q
)
z
=
∑
k
Jk (2Csz) (−iq)k . (31)
Using this equality we can present first term in (30) as:∑
m
∑
n
dˆm (0) Jn−m (2Csz) (−i)n−m qn, (32)
and the second term will take the form:
2iCs
∫ z
0
aˆs0 (z
′)
∑
k
(−i)k Jk (2Cs(z − z′))
(
qk+1 − qk−1) dz′. (33)
Hence, the entire solution for dˆ1 will be:
dˆ1 = −i
∑
m
dˆm (0) J1−m (2Csz) (−i)−m + 2iCs
∫ z
0
aˆs0 (z
′) (J0 (2Cs(z − z′)) + J2 (2Cs(z − z′))) dz′. (34)
After substitution of this solution into equation for aˆs0 from (25) we will get the closed equation for light field in
central waveguide:
∂
∂z
aˆs0 (ω) = −2Cs
∫ z
0
K (z − z′) aˆs0 (z′) dz′ + igeiϕ(−z/vp)aˆs†0 (−ω) + Fˆ (z) , (35)
where
K(x)=J0 (2Csx) + J2 (2Csx) (36)
and
Fˆ(z)=−Cs
∑∞
p=1
(
aˆsp(0, 0)+aˆ
s
−p(0, 0)
)(
e−ippi/2J1−p(2Csz)−eippi/2J1+p(2Csz)
)
.
(37)
Equation (35) looks similar to the one describing damped parametric oscillator [23]. The only difference is that
obtained equation interaction occur with a non-Markovian reservoir. The first term in (35) is a relaxation operator.
And Fˆ (z) is an Langevin source, which is required to preserve commutation relations [23, 32].
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